We study the deformation of the horizon-vicinity geometry caused by quantum gravitational effects. Departure from the semi-classical picture is noted, and the fact that the matter part of the action comes at a higher order in Newton's constant than does the Einstein-Hilbert term is crucial for the departure. The analysis leads to a Firewalltype energy measured by an infalling observer for which quantum generation of the cosmological constant is critical. The analysis seems to suggest that the Firewall should be a part of such deformation and that the information be stored both in the horizon-vicinity and asymptotic boundary region. We also examine the behavior near the cosmological horizon.
Introduction
With the recent experimental confirmation of the gravitational wave [1] , an exciting time of gravitational astrophysics lies ahead. The quantum gravitational effects [2] are expected to play a major role in strong gravitational astrophysical environments such as near a black hole. The potential importance of the quantum gravitational effects in black hole information [3] (see, e.g., [4] [5] [6] [7] [8] [9] [10] [11] for reviews and various viewpoints) has been emphasized in [12] . One of the main goals of the present work is to further substantiate the proposal in [12, 13] , put forth in support of Firewall [15] [16, 17] (see [18] [19] [20] [21] also for other related ideas), that an infalling object should experience a non-smooth entry through the horizon due to the loop effects: an infalling observer or an incoming wave-packet will experience the effects of the multiparticle emission (called the "jets" 1 in [12] ) initiated by the infalling entity.
In recent works [25, 26] (see, e.g., [27, 28] for related issues), it has been shown that the quantum effects influence the boundary conditions of a gravitational system. (Perhaps this might be related to the observation made in [21] .) Based on [12] , the bulk geometry is also expected to be affected: the quantum effects should modify the classical black hole geometry (an effect that may perhaps be in line with the "quantum atmosphere" [29] [30] ). As a matter of fact, the renormalization analysis in [31] has revealed the deformation of the bulk metric, as implied by the field redefinition of the metric: the quantum corrected solution signifies the deformation of the geometry by loop effects.
Although it should be possible to directly study the multi-particle emissions of an incoming particle, a very technically demanding task, there should be other simpler ways to probe the quantum effects to the geometry and phenomena experienced by an infalling observer. One such route would be to analyze the energy density measured by an infalling observer [32] [13] [14] . We employ the setup of [31] and show that an infalling observer experiences an unsmooth entry through the horizon and measures a trans-Planckian energy at the horizon, although the stress-energy tensor is finite. The Firewall-like behavior has its origin in the quantum-gravity-induced cosmological constant as the foremost factor.
The computation of stress energy has a long history (see, e.g., [33] [34] [35] [36] [37] ). Due to various obstacles, the analyses took rather indirect approaches in the past. For example, most of the analyses employed a system with conformal symmetry so that the form of the stress tensor could be constrained. The presence of a large amount of gauge symmetry and its fixing (see, e.g., the discussions in [38] [39] [40] [41] [42] ) has also been slowing progress in more direct analysis. However, there has been recent progress in both the gauge-fixing procedure [43] and background field Feynman diagrammatic techniques [44] . In this work we consider a gravity-scalar system without conformal symmetry, and those results are utilized to analyze and deduce the generation of the cosmological constant through loop effects in various curved backgrounds. The presence of the cosmological constant will play an important role in the trans-Planckian energy measured by an infalling observer in the timedependent black hole background obtained in [45] (earlier related works can be found in [46] and [47] ).
The quantum gravitational effects should be present in any gravitational system and therefore it ought to be possible to demonstrate them generically. However, choosing a simple but still realistic system will greatly reduce the amount of loop calculation required. For reasons to be explained in the main body, a time-dependent configuration provides a setup that requires less loop computation. By invoking the loop effects in the time-dependent background of [45] , we show below that its quantum-corrected geometry supports a Firewall-type energy and related unsmooth horizon ideas: although the stress-energy tensor itself is regular at the horizon, the energy measured by an infalling observer becomes trans-Planckian.
The analysis in the main body consists of several components. As we will see in section 3, the presence of the cosmological constant is critical for the leading-order metric back-reacted geometry obtained in [45] , the background that we employ in order to be specific. In the first part of the analysis that we take up in section 2, we investigate the loop-induced generation of the cosmological constant. Basically, what we establish is the relevance of the quantum gravitational effects that occur generically, i.e., regardless of the backgrounds considered and naturalness of using the renormalized value of the cosmological constant when it comes to solving the quantum corrected field equations. With that established we turn in section 3 to analyzing the significance of the cosmological constant in constructing the time-dependent solution [45] , which in turn is crucial in establishing the trans-Planckian energy. The loop analysis via use of the actual propagator associated with the background of [45] would be extremely involved. For this reason we employ a Schwarzschild geometry for the analysis in section 2 where the genericity of the loop-generation of cosmological constant is illustrated. It is this genericity of the quantum effects that we rely on to draw certain conclusions about the time-dependent background, [45] , based on consideration of a relatively simple background such as a flat or Schwarzschild.
In general, one of the central issues in a curved space Feynman diagramatic analysis is the regularization method: the loop correction terms are ultraviolet-divergent and requires regularization. Although the regularization would be complicated for a generic Feynman diagram, we are interested in evaluating vacuum diagrams, and in that case it is possible to avoid the complexity. Also, when perturbatively computing the loop-induced coefficients of the various terms in the effective action, the coefficients are expected, in general, to depend on the parameter of the Schwarzschild geometry (or the geometry under consideration), the mass of the black hole. Interestingly, however, it turns out that the coefficient (including the finite part) of the cosmological constant does not depend on the mass of the black hole; instead, it is purely numerical.
What brings the departure from the semi-classical picture is the relative weights between the classical and quantum contributions: the conditions for smallness of quantum gravitational effects in the literature (see, e.g., [5] for a review) does not render small, compared with the classical matter contributions, the effect associated with the generation of the cosmological constant by quantum effects. This is because one-loop gravity vacuum diagram comes at the same order as the tree-level matter fields: the contribution of one-loop vacuum diagram to the stress energy tensor is comparable to the (semi-) classical matter contributions. As far as we can tell, this should be where some of the assumptions of the semi-classical framework are not fully justified.
The rest of the paper is organized as follows.
In general the Green's function for a curved background is a very complicated object. Because the full analysis would be highly technical, we start in section 2 by considering the easier case of Schwarzschild geometry in order to outline the strategy.
2 Although the loop analysis of the one-loop vacuum 2 The goal of section 2 is to set the stage for the rationale (to be established in section diagram is much simpler than the case of the time-and position-dependent background of [45] , it is still nontrivial because the regularization and the Green's function for the Schwarzschild geometry are complex. Fortunately, however, it is possible, for the vacuum diagrams at least, to bypass these complications by making a clever choice of the basis when taking the trace. By taking the Higgs-type system to be specific, we demonstrate generation of the cosmological constant from quantum effects and outline the renormalization procedure of the cosmological constant. (See, e.g., [48] for a review of renormalization of the cosmological constant in the context of the cosmological constant problem.) We also point out that the metric field redefinition required as part of the renormalization procedure [31] implies that the geometry gets deformed by the quantum effects. In section 3, we review the time-and position-dependent solution of [45] constructed on general grounds. The background is viewed as a solution of the renormalized action with the quantum corrections and we compute the energy measured by an infalling observer. For the purpose of demonstrating the trans-Planckian energy measured by an infalling observer, we focus on the matter (i.e., scalar) kinetic term for two reasons. First of all, we are not sure whether there is consensus on whether the Riemann tensor-containing quantum-correction terms should be included in the matter sector or gravity sector. 3 Secondly, obviously the kinetic term is simple, and if the sought-for quantum effects can be demonstrated thereby (which we show is the case), that will make the analysis less involved than examination of the Riemann tensor-containing terms (which, in any case, are sub-leading in the derivative expansion). The analysis leads to a trans-Planckian energy measured by an infalling observer and is in line with the Firewall and related ideas. Since the loop effects will generate and renormalize the cosmological constant term, the trans-Planckian energy measured by an observer must be taken as a quantum effect. In the conclusion, we summarize and discuss several implications of the results. It is noted that the information is stored split over the horizon vicinity and asymptotic region, worth more detailed study.
3) that the divergent energy measured by an infalling observer should be attributed to the quantum effect. Although it is a crucial component of our analysis, the details of the loop computation are not needed for the analysis in section 3.
3 The reasonable thing to do is to include in the stress-energy tensor only those higher curvature terms arising from the matter sector, i.e., with the matter fields running in the loop.
Graviton quantum-field-theoretic effects
The quantity to be computed, ultimately, is the energy density measured by a free-falling observer:
where U ρ K denotes the four-velocity of an infalling observer in the Kruskal coordinates. T quan µν ≡< K| T K µν |K > denotes the quantum-corrected stress tensor where |K > is the Kruskal vacuum (i.e., Hartle-Hawking vacuum). One approach, which we follow, to compute T quan µν is to first compute the one-loop 1PI action followed by taking a metric variation of the matter part. To our knowledge, this approach of computing the stress tensor has not been explicitly attempted in the literature even for a Schwarzschild background, let alone a more complicated background. The one-loop renormalizability was explicitly established in [31] for a gravity-scalar system. 4 Although the (all-loop) renormalizability was established for a certain class of backgrounds, we do not, at one-loop, expect the time-and position-dependence to cast any additional difficulty to the matters of principle. This is because at the one-loop level, the appearance of Riemann tensors -which was the source for the non-renormalizability in higher loops -can be controlled without employing the reduction device of [43] . The metric variation of the matter part of the resulting effective action will yield the one-loop stress-energy tensor. Although the procedure is conceptually straightforward, the analysis requires highly technical calculations due to the complexities in regularization and the Green's function in the time-dependent background. For this reason we analyze the cases of the flat and Schwarzschild backgrounds to demonstrate the genericity of the loop-generated cosmological constant.
After reviewing generation of the cosmological constant in a flat background in section 2.2, we analyze in section 2.3 how the loop effects generate the cosmological constant term in the Schwarzschild background. From these analyses, one can see the generic character of the loop-generation of the cosmological constant. We make an assertion based on this genericity on the occurrence of the cosmological constant in a generic background including the time-dependent black hole background of [45] .
The gravity-scalar system that we consider is
where the subscript r indicates the renormalized quantities; it will be suppressed below. Taking the Higgs-type system not only makes the analysis more specific, but also leads to more realistic phenomenological implications.
motivation
Our motivation for considering the quantum effects comes from the picture presented in [12] . Suppose there is a wavepacket infalling on an otherwise classically stationary black hole. Just as one would analyze the multi-particle emission amplitudes in a flat background, it should be possible, although technically much more laborious, to calculate analogous amplitudes in the black hole background under consideration. Due to the presence of various vertices in the Lagrangian, the incoming packet will produce multi-particles with various angles with respect to the direction toward the black hole. Conventionally such quantum gravitational effects are asserted to be small, and this must be the rationale for the "information-free" horizon and "no-hair" theorem. However, as we will show in section 3, there are circumstances in which this assumption may not be justified. It is not only that the assumption may not be justifiable but also that the circumstance in which it is not justifiable is actually a very realistic one. Some of those subsequent particles will be directed away from the black hole, reaching infinity, whereas others will more actively contribute to further production of multi-particles as schematically depicted in Fig. 1 . Such chain reactions will lead to an environment of the horizon-vicinity that is quite different from the semi-classical picture.
Evidently the analysis of the multi-particle emission process will be technically challenging though not impossible. In the present work we take a closer look at what should be a much easier task of computing the energy measured by an infalling entity. Since the horizon-vicinity should potentially be a volatile region under small perturbation, it seems natural to anticipate Figure 1 : jet production in the horizon vicinity that the infalling entity will undergo a violent entry as it approaches the horizon.
loop-induced cosmological constant
In spite of the lack of a closed-form expression for a curved spacetime propagator in general, certain things can be deduced from consideration of simpler backgrounds. As we will see below, this includes one-loop vacuum diagrams. One of the messages that we want to convey with the analyses of the present and next subsections is that the appearance of the cosmological constant through the loop effects is quite generic. The common lore, confirmed in our previous works (see, e.g., [31] ), that the divergence can be computed by considering a flat spacetime is confirmed again. In this subsection, we analyze the loop-induced generation of the cosmological constant by starting with a flat background. As we will see in section 3, the presence of the cosmological constant will be crucial for the leading time-dependence of the solution found in [45] , which in turn will be important later for the trans-Planckian energy measured by an infalling observer.
Needless to say, maintaining the 4D covariance offers a great advantage in establishing renormalizability. (The analysis of the quantum gravitational effects is inevitably tied with the renormalizability issue which we therefore frequently visit.) In gravitational theories, more care is needed to find the counterterms in a covariant manner: given that the action is expanded around the background under consideration, maintaining the covariance is more subtle compared with the non-gravitational gauge theories. As analyzed in detail in [44] , the covariance can be achieved by the following double shift:
and basically treatingg µν ≡ g B µν + g 0µν as a single piece, which then allows one to have a perturbative series set up with the propagator associated with the background g 0µν . As a matter of fact, the basically same shift had been considered in [49] [50] [51] . It is a double shift in the sense that the metric g µν is initially shifted around the background g 0µν :
followed by
The double shift allows one to perturbatively compute the effective action around the background g 0µν in the background field method. Let us narrow down to the computation of the generation of the cosmological constant. As shown in [31] , the analysis required to show the generation and renormalization of the cosmological constant is a curved space generalization of the standard calculation (see, e.g., [52] ). Let us briefly illustrate the computation by taking the Einstein-Hilbert sector; more details can be found in [31] . After multiplying by an overall factor two, the kinetic term of the Einstein-Hilbert action is given by
where
The parameter µ appeared in (3). When expanded, the quadratic order of the constant piece of the scalar potential yields
The term (9) can be combined with the original massless propagator of the graviton. The propagator then is given by
where P µνρσ for the traceless propagator takes 5 :
where η µν = diag(−1, 1, 1, 1). Note that P µνρσ is traceless in (µν) and similarly for (ρσ). The traceless gauge-fixing of the fluctuation metric was noted in [54] some time ago. See also the work of [38] for an earlier related discussion. The contribution leading to the cosmological constant renormalization comes from
vacuum diagrams in Schwarzschild geometry
In this subsection we analyze the loop-generated cosmological constant for a Schwarzschild background. We consider the scalar sector for this part of the demonstration. In addition to serving as an example of the quantum-induced cosmological constant, the Schwarzschild background provides a setup for displaying the effects potentially indicative of an unsmooth horizon. One of the observations below is that the Schwarzschild geometry vacuum diagram produces the same results as the flat case when it comes to the coefficient of the cosmological constant term. In the flat case the single particle spectrum is parameterized by a momentum vector square, k 2 . Since the spectrum can be determined in the asymptotic region, the Schwarzschild geometry should have the same spectrum as the flat case (see, e.g., [55] [56]). The following steps are exactly analogous to the steps taken in the flat spacetime analysis in [52] . The only difference is the basis used in each case to evaluate the trace: in the flat case the plane waves are used whereas in the Schwarzschild it is the basis obtained in the following manner.
Usually the mode expansion is done with the solutions of
In the case of the Schwarzschild background, a detailed study of this equation was conducted in [57] . It is possible to construct the Green's function, G, by following the standard procedure. Now consider
The mode f may be taken as the plane wave for an asymptotic spacetime. The mode g, which will be used to compute the trace associated with the vacuum one-loop diagram, satisfies
For the one-loop vacuum diagram, let us analyze the following equation:
where K is basically the kinetic operator, K x,y ≡ ∇ 2 δ 4 (x − y). One can use the modes g above and evaluate the trace. The result is the same as the flat case as we will now examine. Let us keep things slightly more general and consider the modes that satisfy, in a schematic notation,
one gets
For an asymptotically flat background, it should be possible to go to a basis with ω
To evaluate this, consider
In dimensional regularization, this leads to
where A is an undetermined constant. As previously mentioned and verified through the heuristic steps above, the coefficient of the cosmological constant term (i.e., the coefficient of √ g) is independent of the black hole mass for the Schwarzschild case: the result is the same as the flat case computation.
(In general, however, the coefficients will depend on the parameters of the curved spacetime.) A few words on the renormalization are in order. It should be natural to the renormalization scheme in which the coefficient of the √ −g including the contribution from the minimum of the matter potential is the physical value of the cosmological constant. With such a scheme the renormalized cosmological constant and the finite parts of the vacuum diagrams should be kept small enough to not overshoot the small value 6 of the observed cosmological constant which must be the combined effect of the classical value (if it is non-vanishing) and quantum corrections.
For the remainder of this subsection, we will take up several issues on the quantum-induced deformation of the horizon-vicinity before getting to the time-dependent background in section 3. The discussion here will naturally motivate the use of a time-dependent solution. First, we explain the reason we have chosen the scalar kinetic term of the stress-energy tensor, as opposed to the Riemann tensor-containing terms generated from the one-loop, for the purpose of examining the energy. Secondly, we outline the steps that lead one to see the deformation of the geometry of the horizon-vicinity.
It has been shown in [26] that the 1PI action at the first few leading orders is given by
where the subscript 'r' (denoting 'renormalized' quantities) has been omitted.
The coefficient e's are to be determined by divergence-cancelling conditions. The quantum-corrected stress-energy tensor that follows from this action is
The higher-derivative Riemann tensor-containing terms (such as, e.g.,
etc) have been excluded from the definition of the stress-energy tensor above. Although they may potentially lead, once contracted with the four-velocity vectors, to divergence in the energy, we have explicitly checked that at oneloop, those terms do not in any case yield divergence for a Schwarzschild or dS Schwarzschild background. The other candidates are the matter sector terms, and our focus in the next section will be the scalar kinetic term. The advantage of considering a time-dependent black hole solution is that it allows one to consider the kinetic term of the scalar field instead of conducting two-and higher-computations to see the potential divergence in the energy from the graviton sector. Finally, let us examine the quantum effects on the bulk geometry, in particular, in the horizon vicinity. A thorough understanding of the deformation of the horizon vicinity would require a separate investigation of its own. For example, the definition of the horizon "vicinity" should be more precisely quantified. 8 Here we only outline the analysis needed.
It was shown in [26] that the renormalization procedure requires a metric field redefinition of the form
where the coefficient l's are to be determined so as to absorb the counterterms in (22) . For example, the counterterms shifts the graviton sector to
(The details can be found in [26] .) The shifted cosmological constant
δκΛ κ 3 + 2l 0 κ 2 Λ and the coefficient of R can fixed according to one's renormalization scheme; the renormalization conditions will then determine δΛ and δκ in terms of the other quantities. Again, although this result was obtained for a certain fixed background, we do not expect that the generic form of the field redefinition above will be sensitive to the background under consideration. Suppose that the divergent terms have been removed by the metric field redefinition above. Then there remain the finite terms, and they are in terms of the original metric. Since they are part of the quantum corrections, they come with the coefficients in a higher power of the Newton's constant. Therefore the original field can be replaced by the new fields at the leading order of the quantum correction. At this point there are two approaches that one can take to study the deformation implied by the field redefinition. 9 One may try to solve, in a brute-force manner, the a coordinate distance of order R S , where R S denotes the Schwarzschild radius, from the event horizon. This seems in line with other estimations in the recent literature [15, 29, 30] . See also the analysis towards the end of section 3. 9 The issues with the boundary conditions have been discussed in [26] and will be set aside.
field equations in terms of the newly-defined metric field. The analysis in the next section is in the spirit of this approach. The other approach -which is entirely technically motivated -is to introduce the metric field redefinition in such a way as to absorb not only the divergences but also the finite terms, thereby casting the quantum-corrected action into the classical form. (In general it will not be possible to cast the 1PI action into the classical form. However, this should be possible at the low orders of quantum and derivative expansion.) Since the solution of the classical form of the action is already known, the quantum-corrected solution may be iteratively found from the metric field redefinition. Either way it will be possible to quantitatively examine the meaning of the deformation once the solution of the quantumcorrected field equations is obtained.
Loop-induced non-smooth horizon
In the previous section we have illustrated the generation of the cosmological constant by taking the flat and Schwarzschild cases. Although it would be ideal to directly extend the analysis to the background of [45] , such a task would involve highly nontrivial technical analysis. For example, the analysis analogous to [57] would have to be preceded before attempting to construct the Green's function, another demanding task in itself. In order to find the quantum-generated cosmological constant with the background of [45] (or any other general curved background), what one should do is to calculate the vacuum diagram by using the propagator associated with the (g B µν + g 0µν )-field. That diagram can, in turn, be calculated perturbatively in a g B µν series, and in the leading order of g B µν one can focus on the diagram with no g B µν field appearing in the external lines. In other words, for the purpose of deducing the cosmological constant, one evaluates just the "vacuum" diagram with propagator associated with only the g 0µν field; even for that goal one will have to employ a perturbation series in terms of the curved space parameter(s). In spite of all these complications, it is expected at the end that the quantum effects will generate the cosmological constant term in a similar manner as in the previous section. Thus let us consider, after setting the higher derivative corrections aside,
where (27) with V the Higgs type potential in (3):
It is important to note that the cosmological constant term Λ has a quantumfield-theoretic origin: the cosmological constant Λ denotes the combination of the renormalized value and finite part of the one-loop vacuum diagram (with a certain renormalization scheme). Therefore, Λ ∼ κ 2 and it is of the same order as the matter part of the Lagrangian.
In the leading order of the quantum corrections, the solution of the action above can be substituted into the stress-energy tensor so obtained, which is regular at the horizons as highlighted in [45] , and one can focus on the scalar kinetic term. Finally, with the velocity vectors contracted with the resulting onshell stress-energy tensor, one finds a trans-Planckian energy measured by an infalling observer. We start by reviewing some of the results of [45] in our convention. (For example, we use mostly plus signature.)
time-dependent black hole solution
Let us briefly review the background obtained in [45] by focusing on the event horizon (instead of the cosmological horizon therein illustrated). We give detailed steps because, compared with [45] , our calculation below yields different numerical factors in several places. The general form of the metric with spherical symmetry is
where c, with other constants ρ, α, σ to be introduced shortly, 10 is a constant to be determined. The field equations that follow from the action are given 10 Below they are determined to be
These equations can be solved perturbatively in a "slow roll" approximation.
In the leading order, the scalar field takes a constant value, and the last two field equations can be combined to yield
where F and G are arbitrary integrations functions to be determined and the prime denotes differentiation with respect to the argument of the field. These equations imply that B is a function of F + G :B = B(F + G), and
Upon being substituted into the second equation of (31), this leads to
The result above implies
Introducing the tortoise coordinate r * ≡ 2σ dr N (r) (38) and the following definitions
where σ, ρ are constants to be determined, one can show
The functions F, G can be chosen as follows
where α is another constant to be determined and r h denotes the location of the event horizon. By inverting the relations between t, r * and F, G, one gets
(R c , R N that appear below are similarly defined.) With these, (34) becomes
In the leading order the second field equation in (31) leads to the following relation to the parameters:
Let us now extend the analysis to the next order of the approximation of the slowly varying fields. The equations from (35) through (43) remain valid.
The field equations in (31) can be solved perturbatively by taking the following ansatze:
where φ 0 denotes the constant. The slow roll parameter is defined by
With these substituted, the field equations now take
Other than the signature difference, these results are the same as the corresponding equations in [45] because = 1 as we will shortly see. We focus on the first equation above, the scalar field equation. In the (t, r * ) coordinates, the first equation in (48) takes
Upon choosing
the equation above can be put into the standard form:
Taking solution of the scalar field equation as
one can show that the scalar field equation reduces to
where we have definedφ
One can show that (53) admits the following form of the solution:
where i = c, h, N . (r c , r N denote the cosmological constant and negative root of N (r) = 0, respectively.) Now we turn to the regularity of the scalar solution. The regularity of ∂ V φ and ∂ u φ at the cosmological horizon and event horizon yields the following two conditions for C,L:
from which the integration constants λ and C can be determined as
Making use of these relations (and the ones among r h , r c , r N in the appendix of [45] ), the scalar field solution can be written
For reasons that will become clear below we choose
which on account of (45), implies
Explicitly seeing the regularity of the scalar field at the event horizon is a matter of rewriting (59) as
for which σ = = 1 have been used. We now show that the cosmological constant is crucial for the solution's time-dependence (at the order of the perturbation under consideration).
Consider (52) with (55) . Suppose H = 0 as would be implied by the vanishing cosmological constant. The expression for C in (58) implies C = 0. Also, with vanishing H, the two locations of r h and r c become identical, leading toL = 0 as can be seen from the expression ofL in (58) . Therefore, the supposed time-and position-dependent part φ 1 comes to identically vanish, and the solution reduces to the usual Schwarzschild black hole.
energy measured by an infalling observer
To the leading order in , one can use the geodesic in the de Sitter Schwarzschild background since the kinetic term of the scala field already comes with . At the leading order in , the metric is given by
For a radial motion one gets
where E 0 is the energy per unit rest mass (thus mass-dimensionless). The stress-energy tensor is given by
Finally, let us compute the energy, E, measured by an infalling observer 11 :
Note that the stress tensor T quan µν itself is finite so the slow roll scheme remains valid: it is only after taking the contraction with the four-velocities that one gets trans-Planckian energy. Let us focus on the first term 12 in (66):
Substituting
into (68), one gets
11 For a fully proper analysis, a systematic renormalization of the cosmological constant with explicit renormalization conditions will be required.
12 For example, the term − 1 2 g µν (∂ζ) 2 yields a finite result once one extends the unit norm condition for the 4-velocity vector to the quantum level. The part in (· · · ) represents either the graviton sector (depending on one's definition of the stress-energy tensor) or higherorder quantum corrections. Although we focus on only one of the kinetic terms, the higher order couplings in (66) will obviously also contribute to the deformation of the geometry.
Upon taking the r → r h limit and using
Since r c >> r h , H 2 << 1 for the realistic values of the parameters, the following approximations can be adopted:
and one gets
This shows that the energy measured by an infalling observer is trans-Planckian in line with Firewall. Note that small parameters do not always lead to small effects: the classical cosmological constant piece V(φ 0 ) and quantum piece Λ should be small to be realistic. They together (i.e., through H 2 ) determine the locations of the horizons, r h , r c . The overall smallness of H 2 is what makes r c large whose absence in turn is important in yielding the trans-Planckian energy above. (In contrast, a factor of
, will appear in the energy formula for the case of the cosmological event horizon to which we turn below.)
One potential objection is the validity of the perturbation series in when its coefficient becomes large. Note that the series is valid if r is large. In this context it will be illuminating to examine two regions: one region with r ∼ (1 + s) r h where s is a number of order 1 and the other region with r → r c . One can show that in the leading order of H, the maximum of (70) occurs at
6 − 2 0.11, this is a negative number; the energy measured by an infalling observer decreases monotonically in the interval of r h < r < r c . 13 It is also useful to find the location of r where the value of energy 13 It is curious that for E Therefore the energy (73) decreases rather rapidly with a reasonably small value of , which seems consistent with the expectation that the quantum deformation is within the order of R S from the event horizon. For the cosmological horizon the sign of dr dτ will be opposite:
The 1 r−rc terms in (70) cancel and the rest of the terms are small so, unlike the event horizon, the Firewall does not exist in the case of the cosmological horizon.
Conclusion
There has long been an anticipation that the back reactions must be important in the black hole physics. A solution with a back reaction should naturally be time-dependent. In an interesting work, [45] , a time-dependent solution has been obtained on general grounds, and in this work we have analyzed its quantum deformation of the horizon-vicinity geometry by computing the onshell (and offshell) stress-energy tensor. We have pointed out that the metric field redefinition required in the renormalization procedure [31] implies the quantum-induced deformation of the geometry. We have computed the energy measured by an infalling observer in a time-dependent black hole background. The computation has led to a trans-Planckian energy in line with the Firewall and related proposals. The role of the loop-generated cosmological constant was important in consonance with the anticipation in [12] that the quantum corrections will be important in the physics of the horizon vicinity.
The following several facts are worth highlighting and they naturally suggest future directions. Firstly, the role of the cosmological constant in this work is intriguing: given the fact that the measured value is small the quantum contribution should be important regardless of whether there exists an intrinsic classical piece, V(φ 0 ). A more complete understanding of the physics of the cosmological constant including its generation mechanism and systematic renormalization may hold the key to several important problems: in addition to having shed light on the cosmological constant problem itself as well as the black hole information paradox as sketched in the present and recent related works [25, 26] , it may well help accomplish the quantization of gravity even in an arbitrary background since the presence of the cosmological constant provides a quite flexible leverage.
Secondly, the present and related works [25, 26] suggest that the information may be stored split over the horizon vicinity and asymptotic boundary region. The field redefinition of the metric recently discussed in [31] signifies a change in the spacetime geometry as has been analyzed in the main body. It will be useful to more thoroughly examine, including the contributions from various other terms in (66), how significant is the deformation of the metric over the ranges of order R S from the horizon. Numerical works by using realistic values of the parameters will be useful along this line of study.
There is a question about whether or not a combined system of, say, a Schwarzschild black hole and an infalling observer or detector can be viewed as truly time-independent. An infalling detector will observe jets emitted from the detector as it disintegrates -a process viewed as "bleaching" of information in [12, 58] . To properly (i.e., quantum-field-theoretically) test such effects, one will have to study how an incoming localized wave-packet behaves as it approaches the horizon. It is expected that even such a small disturbance gets amplified near the horizon and thereby significantly deforms the geometry, making it time-dependent as a matter of principle. If the mass of the infalling observer is small compared with the BH then the overall effect for the black hole will be small at the end. However, the effect will not necessarily be small for the observer himself while the bleaching process is in progress.
Even a slight perturbation in the vicinity of the event horizon will be greatly amplified as the perturbation travels down to the throat and its potential energy gets converted into jet-like emissions. It would be of great interest (see, e.g., [59] for a related discussion) to see if such effects could be detected in a near-future endeavor such as the Event Horizon Telescope [60] . In particular the quantum effects discussed in the present work may perhaps be responsible for the extreme high-energy gamma rays that seem to originate from Sgr A * at the center of our galaxy.
